The maintenance of genome stability is critical for survival, and its failure is often associated with tumorigenesis. The Fanconi anemia (FA) pathway is essential for the repair of DNA interstrand cross-links (ICLs), and a germline defect in the pathway results in FA, a cancer predisposition syndrome driven by genome instability. Central to this pathway is the monoubiquitination of FANCD2, which coordinates multiple DNA repair activities required for the resolution of ICLs. Recent studies have demonstrated how the FA pathway coordinates three critical DNA repair processes, including nucleolytic incision, translesion DNA synthesis (TLS), and homologous recombination (HR). Here, we review recent advances in our understanding of the downstream ICL repair steps initiated by ubiquitin-mediated FA pathway activation.
The Fanconi anemia (FA) pathway
FA is a chromosomal instability disorder characterized by multiple congenital abnormalities, progressive bone marrow failure, and cancer predisposition (Joenje and Patel 2001; Kennedy and D'Andrea 2005; Kee and D'Andrea 2010) . Although it is a rare autosomal recessive disease (incidence of one to five per 1,000,000 births), FA is an important model for studying DNA repair, cancer pathogenesis, and ubiquitin signaling (Moldovan and D'Andrea 2009 ). Clinically, most FA patients manifest anemia and bone marrow failure during childhood and are at risk of developing acute myelogenous leukemia, squamous cell carcinoma of head and neck, and hepatocellular carcinoma (D'Andrea 2010). Mechanistically, FA is caused by germline mutations in genes that cooperate in a DNA repair pathway specialized for resolving DNA interstrand crosslink (ICL), a fatal lesion blocking both DNA replication and transcription (Deans and West 2011) . Accordingly, FA patient-derived cells are hypersensitive to DNA cross-linking agents, such as mitomycin C (MMC) or diepoxybutane (DEB), with a dramatic increase of chromosome aberrations and quadradials, a phenotype widely used as a diagnostic test for FA.
At least 15 FA gene products constitute a common DNA repair pathway, the FA pathway, which resolves ICLs encountered during replication (Fig. 1A) . Specifically, eight FA proteins (FANCA/B/C/E/F/G/L/M) form a multisubunit ubiquitin E3 ligase complex, the FA core complex, which activates the monoubiquitination of FANCD2 and FANCI after genotoxic stress or in S phase (Wang 2007) . The FANCM subunit initiates the pathway (Fig. 1B) . It forms a heterodimeric complex with FAAP24 (FA-associated protein 24 kDa), and the complex resembles an XPF-ERCC1 structure-specific endonuclease pair . The FANCM-FAAP24 complex plays multiple roles in pathway activation by recognizing the DNA lesion and recruiting the FA core complex, stabilizing the stalled replication fork, and initiating ATR (ataxia-telangiectasia and Rad3-related)-mediated checkpoint signaling (Ciccia et al. 2007; Collis et al. 2008; Schwab et al. 2010 ). Histone fold protein 1 (MHF1) and MHF2 maintain the stable association of FANCM with chromatin and augment efficient pathway activation (Singh et al. 2010; Yan et al. 2010) . Beside the FANCM-FAAP24-MHF1/2 complex, the MutS mismatch repair complex plays a redundant role in DNA damage sensing and pathway activation by further promoting the recruitment of the FA core complex to chromatin (Huang et al. 2011; Williams et al. 2011b) . During activation, multiple FA proteins undergo phosphorylation by ATR-CHK1 checkpoint kinases, representing a close interconnection of the FA pathway with DNA damage response signaling (Cohn and D'Andrea 2008) .
Monoubiquitination of FANCD2 and FANCI by the FA core complex is the key regulatory step in the pathway. The RING domain-containing FANCL subunit is a ubiquitin E3 ligase, and in concert with the UBE2T E2 enzyme, it conjugates a single ubiquitin to Lys 561 and Lys 523 of human FANCD2 and FANCI, respectively ( Fig. 1C ; Cole et al. 2010; Garner and Smogorzewska 2011) . Monoubiquitination also occurs during S-phase progression, and phosphorylation-dependent FANCM degradation regulates the localization of the FA core complex to chromatin ). The monoubiquitinated FANCD2-I (ID) heterodimeric complex is relocalized to DNA lesions, where it coordinates cross-link repair activities together with downstream FA proteins (D1/J/N/O/P).
Multiple DNA nucleases function in ICL repair, and the monoubiquitinated FANCD2 (FANCD2-Ub) acts as a landing pad for recruiting nucleases such as FAN1 (FAassociated nuclease 1) and the newly identified FA complementation group P/SLX4 protein to the ICL lesion in order to initiate nucleolytic incision (Fig. 1D; Crossan and Patel 2012) . These proteins contain a unique ubiquitin-binding domain (UBD) called the UBZ4 (ubiquitinbinding zinc finger 4) that can specifically recognize the ubiquitin moiety of FANCD2 (Huang and D'Andrea 2010; Yamamoto et al. 2011) . SLX4-associated MUS81-EME1 and XPF-ERCC1 nucleases promote cross-link unhooking . The unhooking process converts a stalled replication fork into a double-strand break (DSB), and translesion DNA synthesis (TLS) allows the bypass of the unhooked cross-linked oligonucleotides and the restoration of a nascent strand (Fig. 1E) . The DSB is then repaired by homologous recombination (HR), while nucleotide excision repair (NER) excises the remaining adducts, and the gap is filled by DNA polymerases (Fig. 1F) . The downstream FA proteins D1/J/N/O play an important role in the HR process. These proteins facilitate RAD51 loading and the resolution of recombination intermediates. Finally, the modified ID complex is deubiquitinated by the deubiquitinating (DUB) enzyme USP1 (ubiquitinspecific peptidase 1), associated with its activating partner, UAF1 (USP1-associated factor 1) ( Fig. 1G ; Nijman et al. 2005; Cohn et al. 2007 ). Of note, genetic disruption of murine Usp1 results in a phenotype similar to FA, and both Usp1 and Uaf1 knockout chicken DT40 cells exhibit hypersensitivity to DNA cross-linking agents (Oestergaard et al. 2007; Kim et al. 2009; Murai et al. 2011) . Therefore, USP1-dependent deubiquitination constitutes another critical repair step in the completion of DNA ICL repair.
Taken together, the FA pathway regulates three critical DNA repair processes; namely, nucleolytic incision, TLS, and HR. A Xenopus egg extract system, using a plasmid with a single site-specific ICL, has established a role of FANCD2-Ub in multiple ICL repair steps, including nucleolytic incision and TLS (Knipscheer et al. 2009 ). However, understanding the molecular details of the FA pathway and its coordination of nucleases, helicases, and The FANCM-FAAP24-MHF1/2 complex recognizes the stalled replication fork structure and recruits the FA core complex to the ICL region. The translocase activity of FANCM prevents the collapse of replication fork independent of FA pathway activation. FANCM also initiates ATR-CHK1-dependent checkpoint response, which in turn phosphorylates multiple FA proteins, including FANCA/E/D2/I. (C) The FA core complex, a ubiquitin E3 ligase, monoubiquitinates FANCD2 and FANCI, and the ID heterodimeric complex is recruited to the DNA lesion. (D) FANCD2-Ub acts as a platform to recruit multiple nucleases to coordinate nucleolytic incisions flanking the ICL. FANCP/SLX4, which interacts with ERCC1-XPF and MUS81-EME1 structure-specific nucleases, and FAN1 59-flap endonuclease are good candidates for this process. Both SLX4 and FAN1 contain the UBZ4 UBM essential for FANCD2-Ub-dependent recruitment to the DNA lesion. (E) Unhooking leaves cross-linked nucleotides tethered to the complementary strand, which is bypassed by TLS, mediated by specialized TLS polymerases such as REV1 and Pol z. (F) Incision creates a DSB, which is repaired by HR. Downstream FA proteins promote RAD51-dependent strand invasion and the resolution of recombinant intermediates. NER removes remaining adducts and fills the gap. (G) The USP1-UAF1 DUB complex removes monoubiquitin from FANCD2-I and completes the repair. polymerases is far from complete. Recent biochemical, cellular, and genetic studies have provided invaluable insights into the DNA repair network, and the cross-talk among the DNA repair pathways is now emerging. Moreover, new players have been added to the repertoire of the FA pathway. Here, we discuss recent advances in understanding the downstream ICL repair steps regulated by the FA pathway.
Regulation of nucleolytic incision by the FA pathway FANCP/SLX4, the scissors in the FA pathway
The DNA ICL is a complex lesion, capable of blocking replication fork progression. A new FA gene, FANCP/ SLX4, is an essential player in the nucleolytic incision of ICL. Slx4 in Saccharomyces cerevisiae was initially identified through a synthetic-lethal screen as one of six genes required for the survival of cells lacking Sgs1, a member of the RecQ family of DNA helicases (Mullen et al. 2001) . Slx4 was also a hit in a genome-wide screen for proteins that confer resistance to DNA ICL-inducing agents (Wu et al. 2004; Lee et al. 2005) . The Drosophila melanogaster Slx4 homolog MUS312 was shown to be required for ICL repair (Yildiz et al. 2002) . Slx4 interacts with its catalytic subunit, Slx1, and the Slx1-Slx4 complex acts as a structure-specific 59-flap endonuclease directed toward branched DNA structures and Holliday junctions (HJs) (Fricke and Brill 2003; Coulon et al. 2004) . Slx4 also interacts with the Rad1-Rad10 complex, a member of the yeast XPF/MUS81 structure-specific nuclease family required for NER and ICL repair (Flott et al. 2007; Ciccia et al. 2008) . The Slx4-Rad1-Rad10 complex is required for DSB repair during single-strand annealing (SSA) (Li et al. 2008; Lyndaker et al. 2008) . Taken together, Slx4 coordinates multiple DNA repair pathways and recombination events.
Efforts to identify a vertebrate ortholog of yeast Slx4, using a conserved C-terminal DNA-binding motif in a bioinformatic search, led to the discovery of the human BTBD12/SLX4 protein (Svendsen and Harper 2010; Cybulski and Howlett 2011) . Unlike its yeast counterpart, the human protein contains a BTB/POZ (Broad Complex, Tramtrack, and Bric a brac/POxvirus and Zinc finger) protein-protein interaction domain and two UBZ4 UBDs. The protein is an ATM/ATR kinase substrate, consistent with the known Slx4 phosphorylation by Tel1 and Mec1 following DNA damage in yeast (Flott et al. 2007; Matsuoka et al. 2007 ). SLX4 interacts with XPF-ERCC1 and MUS81-EME1 structure-specific endonucleases and with SLX1 and cleaves 59-flap, 39-flap, and replication fork structures in vitro (Andersen et al. 2009; Fekairi et al. 2009; Munoz et al. 2009; Svendsen et al. 2009 ). In addition, SLX1-SLX4 functions as a HJ resolvase that processes recombination intermediates. Importantly, depletion of SLX4 leads to hypersensitivity to MMC and cisplatin, but not to ultraviolet (UV) irradiation or ionizing radiation (IR), and reduces the efficiency of HR repair, implicating SLX4 in the FA pathway (Fekairi et al. 2009; Munoz et al. 2009 ). Overall, SLX4 acts as a scaffold for multiple nucleases regulating ICL repair and HR.
Two independent groups identified biallelic SLX4 mutations in unassigned FA patients Stoepker et al. 2011) . Introduction of wild-type SLX4 cDNA complemented most of the cellular phenotypes, confirming that SLX4 is a new FA complementation group, FANCP. Importantly, each mutant allele encodes a truncated protein, thus providing valuable insights into the structural domains of the SLX4 protein.
First, some patient-derived mutations result in inframe deletion of the UBZ4 domains at the N terminus Stoepker et al. 2011) . Cells expressing these truncated products are hypersensitive to MMC, despite intact interactions with the nuclease complexes XPF-ERCC1 and MUS81-EME1. The interaction of SLX4 with ubiquitin is therefore essential for SLX4 function in ICL repair. In chicken DT40 cells, the recruitment of SLX4 to DNA damage foci requires its UBZ4 domain and FANCD2-Ub, and cells expressing UBZ4-deficient SLX4 are selectively sensitive to ICL-inducing agents (Yamamoto et al. 2011) . Therefore, the FA pathway appears to channel SLX4 into a subset of HR processes to resolve ICLs through FANCD2-Ub.
Second, independent frameshift mutations produce N-terminal fragments that only interact with ERCC1 . These mutant proteins, predicted to lose their interaction with EME1-MUS81, do not fully rescue MMC sensitivity. In contrast, cells expressing a low level of an N-terminal truncated protein show reduced chromatin localization of XPF-ERCC1 and MMC sensitivity (Stoepker et al. 2011) . A survival assay using Slx4 À/À mouse embryonic fibroblasts (MEFs) also demonstrated that the interaction of ERCC1with SLX4 is required for ICL repair . These observations emphasize the scaffolding role of SLX4 in the recruitment of multiple nucleases to sites of ICL repair. Interestingly, Ercc1 À/À MEFs exhibit additional sensitivity to UV irradiation, in contrast to Sxl4 À/À MEFs, which are UV-resistant . The ERCC1 mutant, which cannot interact with the NER factor XPA, is defective in complementing UV sensitivity but not MMC sensitivity (Orelli et al. 2010) . Therefore, the recruitment of a specific pool of XPF-ERCC1 to ICLs may be one of the critical functions of SLX4 in the FA pathway. The association of SLX4 with XPF-ERCC1 may alter the catalytic activity of XPF nuclease, thereby promoting an ICL-specific function.
Intriguingly, the FA pathway and SLX4 are not epistatic in MMC or cisplatin sensitivity in DT40 cells (Yamamoto et al. 2011) . In addition, SLX4 binds to Lys 63 polyubiquitin chains in vitro via its UBZ4 domains Yamamoto et al. 2011) . SLX4 may therefore have FANCD2-Ub-independent roles in ICL processing. Alternatively, the role of SLX4 in coordinating nucleases in human and chicken cells may be different, since chicken cells do not express Mus81 and Ercc1.
Last, Slx4 knockout mice recapitulate key cellular and clinical phenotypes of FA patients, including growth retardation, developmental defects, and hematological dysfunction associated with genome instability . Primordial germ cell failure is also evident, as in other FA-deficient mice ). Therefore, the FA-P mouse establishes a new disease model for FA and will be a valuable tool for studying FA-associated cancer predisposition.
FANCD2-Ub coordinates the nuclease event
The identification of nuclease-associated proteins with UBZ4 domains established an important role of FANCD2-Ub in ICL repair; namely, the recruitment of structurespecific nucleases to the site of repair. The Xenopus egg extract system showed that FANCD2-Ub is required for the incision at the site of ICLs (Knipscheer et al. 2009 ). Blocking the incision step by depletion of either FANCD2-Ub or SLX4-associated nucleases can prevent downstream TLS and DSB repair by HR. However, the endonuclease responsible for the initial incision event during ICL repair remains undetermined. ICL-induced DSBs can be generated without ERCC1 or XPF (De Silva et al. 2000; Niedernhofer et al. 2004) , whereas MUS81-EME1 promotes the conversion of an ICL into a DSB in S phase of mouse embryonic stem cells (Hanada et al. 2006) . Collectively, initiation of incision appears to be mediated by MUS81-EME1, followed by a second incision by XPF-ERCC1 59 to the ICL. Nevertheless, it is also possible that XPF-ERCC1 alone is sufficient to initiate ICL incisions, as shown by its ability to perform both 59 and 39 incisions against psolaren-induced Y-shaped DNA mimicking a stalled fork structure (Fisher et al. 2008) . Indeed, the hSNM1A exonuclease, a mammalian homolog of Pso2, was shown to collaborate with XPF-ERCC1 to initiate ICL repair by creating a favorable substrate for TLS, while MUS81-EME1 acts in reserve (Wang et al. 2011) . Intriguingly, FANCD2 recruitment to chromatin and foci formation is impaired in the absence of XPF-ERCC1, indicating that a specific DNA structure generated by incision may help stabilize the FANCD2-Ub association to the lesion, thereby further promoting the recruitment of nucleases via SLX4 (Bhagwat et al. 2009 ).
FAN1 is also a strong candidate for the incision at ICL, since (1) it is recruited to FANCD2-Ub via its UBZ4 domain to the site of DNA repair, and (2) it exhibits 59-flap endonuclease as well as 59-39 exonuclease activity Liu et al. 2010; MacKay et al. 2010; Smogorzewska et al. 2010; Yoshikiyo et al. 2010) . However, FAN1 knockdown does not affect ICL-induced DSB formation, suggesting that it may have nuclease functions downstream from the ICL unhooking step . Biallelic mutations of FAN1 have not been identified in unassigned FA patients yet, so it is not considered a bona fide FA gene. FANCJ and BLM helicases may further augment nuclease events in which they synergistically unwind a damaged DNA duplex substrate (Suhasini et al. 2011) . FANCD2 may directly process DNA, as it was shown to have intrinsic nuclease activity (Pace et al. 2010) . Depletion of each nuclease component from Xenopus egg extracts or complementation with SLX4 mutant proteins lacking specific nuclease complex interaction sites may address the identity of endonucleases responsible for the initial incision step.
Regulation of TLS by the FA pathway

TLS
Following ICL unhooking, the lesion must be bypassed by a TLS polymerase, thereby extending the leading strand. The leading strand is subsequently used as a template of HR, followed by restoration of the replication fork (Fig. 1E,F) . Therefore, TLS constitutes a crucial step in ICL repair. TLS is one of the cellular mechanisms for DNA damage tolerance, or post-replication repair. TLS, through the activity of error-prone polymerases, allows cells to replicate over the replication-blocking lesion without correcting it (Lehmann et al. 2007; Chang and Cimprich 2009 ). Many types of DNA lesions impede replication fork progression, resulting in replication fork collapse and DSB formation. Thus, this DNA damage tolerance mechanism prevents prolonged replication stalling and ensures the completion of DNA replication in a timely manner under conditions of stress, at the expense of creating mutations across the genome.
TLS uses specialized low-fidelity DNA polymerases to directly bypass the lesion. Unlike the B family replicative polymerases (Pols) such as Pol a, Pol d, and Pol e, TLS polymerases lack 39-59 proofreading activity and contain an unconstrained active site that can accommodate distorted bases and base pair mismatches (Sale et al. 2012) . In mammalian cells, the Y family TLS polymerases include Pol i, Pol h, Pol k, and Rev1, while Pol z belongs to the B family. Although the nature of lesion bypass is mutagenic, there are specific lesions (referred to as cognate lesions) that are fixed in a relatively error-free manner, such as removal of UV-induced cis-syn thymine dimers by Pol h Washington et al. 1999) . Mutation of the Pol h gene (POLH) is associated with a cancer-prone disease, the variant form of xeroderma pigmentosum (XPV) (Masutani et al. 1999) .
TLS polymerases are recruited and regulated by a posttranslational modification of PCNA (proliferating cell nuclear antigen). PCNA is a polymerase processivity factor that encircles DNA and functions as a moving platform for DNA synthesis (Moldovan et al. 2007) . Following replication arrest, the E2-E3 ubiquitin ligase complex RAD6-RAD18 associates with RPA (replication protein A)-bound ssDNA and monoubiquitinates PCNA at Lys 164, thus recruiting a TLS polymerase to the lesion (Hoege et al. 2002; Davies et al. 2008; Ulrich 2009 ). Many TLS polymerases, including Pol i, Pol h, and Pol k, interact with PCNA through their PIP (PCNA-interacting protein) box motif. Moreover, specialized UBDs, such as the UBM (ubiquitin-binding motif) of REV1 or the UBZ3 motif of Pol h, further provide specificity for the recognition of PCNA monoubiquitin (PCNA-Ub) (Xu et al. 2001; Kannouche et al. 2004; Guo et al. 2006a,b; Plosky et al. 2006; Parker et al. 2007 ). In S. cerevisiae, PCNA is also polyubiquitinated at Lys 164 via the Lys 63-linked chain by the Ubc13/Mms2-Rad5 E2-E3 ligase complex (Hoege et al. 2002; Chiu et al. 2006 ). This modification mediates template switching, an error-free process that uses a newly synthesized and undamaged template to temporarily replace a damaged DNA template via either fork reversal or D-loop formation (Chang and Cimprich 2009) . In humans, the Rad5 orthologs HLTF (helicase-like transcription factor) and SHPRH (SNF2 histone linker PHD RING helicase) E3 ligases are responsible for the Lys 63-linked polyubiquitination of PCNA (Unk et al. 2006 (Unk et al. , 2008 . In contrast, SUMO conjugation at Lys 164 of PCNA recruits the antirecombinogenic DNA helicase Srs2, thereby releasing RAD51 and restricting recombination in yeast (Pfander et al. 2005) .
TLS polymerases in ICL repair
Rev1 and Pol z, a heterodimer of Rev3 and Rev7, function together in the TLS step of ICL repair. The yeast rev3 strain exhibits hypersensitivity to ICL-inducing agents, which is epistatic with Rev1 (McHugh et al. 2000; Lawrence 2002; Wu et al. 2004; Sarkar et al. 2006) . Similarly, chicken DT40 or human cells deficient in Pol z and/or Rev1 are hypersensitive to ICL-inducing agents (Sonoda et al. 2003; Niedzwiedz et al. 2004; Okada et al. 2005; Wittschieben et al. 2006; Hicks et al. 2010 ). In addition, DT40 genetic studies indicate that both Rev1 and Rev3 are epistatic with FANCC in cisplatin sensitivity (Niedzwiedz et al. 2004 ). Furthermore, depletion of Pol z abolishes the extension of a nascent strand beyond the ICL in Xenopus egg extracts, arguing for a direct role of Pol z in replication-dependent ICL repair (Raschle et al. 2008 ).
Rev1 is the major TLS polymerase in eukaryotes required for the introduction of DNA mutations. Rev1 is responsible for >90% of base pair substitutions induced by UV irradiation (Lawrence 2002) . Consequently, Rev1 deficiency leads to a dramatic reduction in both spontaneous and damage-induced mutations and greatly increases the incidence of chromosome aberrations (Simpson and Sale 2003) . Rev1 is not a polymerase per se, but instead functions as a deoxycytidyl transferase. It inserts a deoxycytidine (dC) across a template G or an abasic site, using its conserved arginine residue in the catalytic domain (Nelson et al. 1996; Haracska et al. 2002) . Mammalian Rev1 is required for the bypass of UV-induced damage and crosslinks, but its transferase activity seems dispensable, since a catalytically dead mutant can complement cisplatin and UV sensitivity in Rev1 knockout DT40 cells (Ross et al. 2005) . Rather, protein-protein interaction seems essential, as the extreme C terminus of Rev1 interacts with various TLS polymerases including Pol z, Pol i, Pol h, and Pol k (Guo et al. 2003) . The crystal structure of human REV3-REV7 also demonstrated a functional collaboration between Pol z and REV1; the disruption of REV1-REV7 interaction sensitizes cells to DNA cross-linking agents (Hara et al. 2010) . Rev1 is also recruited to PCNA-Ub via its UBM, thus allowing Rev1 to regulate the loading of different TLS polymerases to the lesion (Guo et al. 2006a,b) . Therefore, a model has evolved in which Rev1 functions as a scaffold to recruit and coordinate TLS polymerases, rather than directly bypassing the DNA lesion. This mechanism may facilitate so-called ''polymerase switching,'' in which Rev1 exerts a spatiotemporal regulatory role in the action of TLS polymerases specialized for nucleotide insertion and extension beyond the lesion (Friedberg et al. 2005; Waters et al. 2009 ). Rev1 may also potentiate the enzymatic activity of the recruited TLS polymerases, as Rev1 was shown to stimulate Pol z extension in vitro (Acharya et al. 2006) . Nevertheless, the enzymatic activity of Rev1 may still be required in other contexts. For instance, an altered mutation spectrum was observed with the Rev1 catalytically dead mutant in both yeast and vertebrate cells (Otsuka et al. 2005; Ross et al. 2005) . In addition, the catalytic activity of Rev1 is required for coping with specific adducts, such as N 2 -dG, formed by 4-NQO (4-nitroquinoline-1-oxide) in S. cerevisiae (Wiltrout and Walker 2011) .
Several lines of evidence indicate that other DNA polymerases may be involved in the TLS step of crosslink repair. Pol k was shown to catalyze accurate bypass of N 2 -N 2 -guanine ICL in vitro, and Pol k-depleted cells show chromosome instability and decreased survival following MMC exposure (Minko et al. 2008) . The A family Pol u (POLQ) can extend DNA from mismatched bases in vitro (Seki and Wood 2008) . POLQ-deficient cells exhibit spontaneous and MMC-induced chromosomal abnormalities, although they are not hypersensitive to cross-linking agents per se (Shima et al. 2004) . Another A family Pol n (POLN) can perform nonmutagenic bypass of psoralen-induced DNA cross-links, albeit with low efficiency, suggesting a role in TLS during ICL repair (Zietlow et al. 2009 ). However, the biological significance of these in vitro data remains to be established.
Function of the UBZ domain in DNA repair
Ubiquitin plays a crucial role in the regulation of DNA repair processes (Hofmann 2009 ). Ubiquitin signaling is mediated by UBDs that recognize various ubiquitin modifications. As expected from diverse ubiquitin signaling networks, UBDs are structurally and functionally distinct modules, and more than 20 different UBD classes exist to interact with various ubiquitin modifications (Dikic et al. 2009 ).
Among those, a UBZ family is particularly intriguing, since it exclusively appears in proteins involved in DNA ICL repair and TLS (Hofmann 2009 ). The UBZ domain, along with UBM, was originally identified through yeast two-hybrid screening and bioinformatic analysis (Bienko et al. 2005) . Two subfamilies of UBZ are especially relevant: UBZ3 contains a highly conserved C2H2 short mononucleate zinc finger, whereas UBZ4 is defined as a RAD18-like C2HC zinc finger (Fig. 2) . Yeast Rad30 and its mammalian homolog, pol h, are the only UBZ3-containing proteins identified so far. The NMR structure of the pol h UBZ3 motif revealed similarities to the DNA-binding zinc finger, in which the ubiquitin binding a-helical surface is on the opposite side of the zinc-coordinating residues (Bomar et al. 2007 ). In contrast, the UBZ4 domain has been found in multiple proteins involved in post-replication repair, such as Pol k, WRNIP1 (Werner helicase-interacting protein 1), and RAD18 (Hofmann 2009 ). Pol k interacts with ubiquitinated PCNA, while WRNIP and RAD18 bind to Lys 48-and Lys 63-polyubiquitin chains (Ogi et al. 2005; Bish and Myers 2007; Crosetto et al. 2008; Guo et al. 2008) . Additionally, SNM1A, a mammalian ortholog of yeast Pso2 that plays a critical role in ICL repair, was shown to target a stalled replication fork by recognizing PCNA-Ub via its UBZ4 domain . Interestingly, the recently identified FAN1 nuclease and the FANCP/SLX4 nuclease scaffold protein also contain UBZ4 domains that specifically recognize FANCD2-Ub and function in the downstream ICL repair process, emphasizing a specialized role of UBZ4-containing proteins in mediating ICL repair (Huang and D'Andrea 2010; Cybulski and Howlett 2011) . In summary, UBZ is a variant form of the zinc finger motif that has evolved to mediate the DNA repair signaling pathways through its ability to recognize ubiquitin. In this sense, the UBZ domain is a key signature of DNA repair proteins that require interaction with ubiquitinated targets or polyubiquitin chains at chromatin to fulfill their functions. (Geng et al. 2010; Song et al. 2010 ). PCNA-Ub may stabilize the association of the FA core complex to chromatin, or binding of TLS polymerases to PCNA-Ub may augment FA pathway activation. RAD18 also promotes FANCD2 monoubiquitination independent of monoubiquitinating PCNA following MMC or camptothecin (CPT) treatment (Palle and Vaziri 2011; Williams et al. 2011a ). However, the catalytic activity of RAD18 is essential, indicating that RAD18 may have unknown substrates that functionally interact with the FA pathway. In contrast, RAD18 participates in the HR repair of DSBs induced by IR in an E3 ligase-independent manner ). Instead, the UBZ4 domain of RAD18 is required for RAD51C accumulation and RAD51 loading at the DSBs. In this regard, RAD18 may regulate RAD51C recruitment during the HR process of ICL repair, given that RAD51C/FANCO is one of the FA genes necessary for ICL repair (Vaz et al. 2010 ).
Regulation of REV1 by the FA pathway
Although TLS constitutes an essential step in the FA pathway, how the REV1-Pol z polymerase complex is recruited to a stalled replication fork is not well understood. Several lines of evidence implicate the FA core complex in regulating the TLS step. Genetic studies in DT40 cells indicate that Rev1 and Rev3 act downstream from the FA core complex (Niedzwiedz et al. 2004) . One interesting feature of FA patient-derived cells is their hypomutability, similar to the phenotype of TLS-deficient cells (Papadopoulo et al. 1990a,b) . FancC-deficient DT40 cells have reduced mutational repair in response to endogenously generated abasic sites in the IgV gene locus (Niedzwiedz et al. 2004) . FancG knockout hamster CHO cells also show reduced generation of viable Hprt mutations, indicating impaired TLS at the hprt locus during DNA replication (Hinz et al. 2006) . These data imply that the FA pathway normally promotes error-prone point mutagenesis through TLS and protects cells from large chromosomal insertions and deletions through HR. Mechanistically, the FA core complex is required for efficient REV1 foci formation following UV irradiation and cisplatin treatment, a process essential for its TLS activity (Mirchandani et al. 2008; Hicks et al. 2010) . Accordingly, FA core-deficient patient cells are not as efficient as cDNA-corrected cells in generating spontaneous and UV-induced point mutations. FANCD2 monoubiquitination by the FA core complex is dispensable in this process, suggesting that the FA core complex regulates the TLS step independent of its E3 ligase activity (Mirchandani et al. 2008) .
Recently, a new subunit of the FA core complex, FAAP20, was shown to link the FA core complex with REV1-dependent TLS ). Various amino acid sequences of known UBZ domains are shown, and their relative positions are marked as a red bar in the protein schematic. Amino acid residues are colored according to their physicochemical properties, and the conserved residues that comprise a zinc-binding core are shaded in the red box. UBZ domains are defined as a C2H2 (UBZ3) or C2HC (UBZ4) zinc finger module, and these two classes appear in DNA damage response proteins related to ICL repair (the FA pathway) and post-replication repair (PRR) (TLS). The major difference between the two domains is the fourth zinc ligand residue, which is a cysteine in the UBZ4 motif instead of histidine in the UBZ3. In addition, the aspartate residue within the H2 zinc-binding dyad of the UBZ3 (indicated as asterisk) is not absolutely conserved in the UBZ4 group, although alanine substitution was shown to disrupt the interaction with ubiquitin in WRNIP (Crosetto et al. 2008) . In FAAP20, the aspartate residue outside the HC zinc-binding dyad (underlined) is also required for binding to ubiquitin, possibly compensating for the lack of aspartate in the conserved position (Ali et al. 2012 ). PCNA-Ub and FANCD2-Ub were proposed as primary targets for some of these UBZ domains, but several in vitro data also suggest that these UBZ domains are able to bind to the Lys 48-or Lys 63-linked polyubiquitin chains. The main function of the UBZ domain is to recruit UBZ-containing DNA repair factors to the site of DNA lesion by recognizing DNA damage-specific ubiquitin conjugation, including monoubiquitinated targets or polyubiquitin chains. et al. 2012). FAAP20 interacts with FANCA through its N terminus, maintains the integrity of the core complex, and allows FANCD2 monoubiquitination. Importantly, the C terminus of FAAP20 contains a UBZ4 domain, which regulates the localization of monoubiquitinated REV1 to the DNA lesion . Therefore, the FA core complex controls both the incision step of cross-link repair by monoubiquitinating FANCD2 and the TLS step by recruiting REV1 to the site of the lesion (Fig. 3) . In addition, the FA core complex may promote the enzymatic activity of REV1. The role of PCNA-Ub in recruiting REV1 to the ICL lesion is less clear. PCNA is only weakly monoubiquitinated in response to cross-linking agents such as MMC, and cross-linkers do not generate long stretches of ssDNA required for RAD18 recruitment (Ho and Schärer 2010) . Indeed, RAD18 does not play a major role in resolving replication-associated DSBs during ICL repair (Hicks et al. 2010) . Furthermore, Rad18 and FancC double-knockout DT40 cells show greater sensitivity to cisplatin than single knockouts, indicating that FA-dependent TLS in the crosslink repair may be RAD18-independent (Hirano et al. 2005) . The FAAP20-REV1 interaction may stabilize a pre-existing nonmonoubiquitinated PCNA-REV1 complex at a stalled replication fork. Consistent with this notion, Rev1 is required in DT40 cells for maintaining fork progression following damage, acting independently of PCNA-Ub (Edmunds et al. 2008) . Conversely, FANCD2 depletion in Xenopus egg extracts impairs both incision and TLS, indicating that FANCD2-Ub may directly control both processes (Knipscheer et al. 2009 ). Perhaps the incision step is a prerequisite for the subsequent TLS step. Also, FANCD2 activation may regulate the activity of certain TLS polymerases (e.g., Pol h) under specific conditions of genotoxic stress (Park et al. 2010 ).
USP1, a master regulator of the FA and TLS pathways USP1 is a DUB enzyme that regulates the level of FANCD2-Ub (Nijman et al. 2005) . The UAF1 protein associates with USP1 stoichiometrically and stimulates its enzymatic activity (Cohn et al. 2007 ). Depletion of USP1 or UAF1 causes hyperaccumulation of both FANCD2-Ub and PCNA (Huang et al. 2006) . Thus, USP1 controls the monoubiquitination status of two key proteins working in the FA and TLS pathways, indicating that the USP1-UAF1 DUB complex coordinates at least two DNA repair processes. USP1 is degraded following UV irradiation, and cell cycle-dependent USP1 degradation by APC/C Cdh1 ubiquitin E3 ligase allows rapid PCNA monoubiquitination for post-replication repair in G1 phase (Huang et al. 2006; Cotto-Rios et al. 2011) . The murine Usp1 knockout model displays several important FA phenotypes, and Usp1 À/À cells are hypersensitive to DNA cross-linking agents, emphasizing that timely deubiquitination of FANCD2 is required for the resolution of ICLs ). USP1 depletion also increases spontaneous and UV-induced point mutation frequency by elevating PCNA-Ub (Huang et al. 2006; Hendel et al. 2011) . Loss of USP1 results in aberrant engagement of Pol k to DNA, leading to a slowdown of replication fork progression and interference of DNA synthesis (Jones et al. 2012) . This may explain the intrinsic genome instability observed upon USP1 downregulation and further highlights the role of USP1 in maintaining genome stability by coordinating both FA and TLS pathways.
SUMO-like signaling network in the FA and TLS pathways
Similar to ubiquitin-UBD interaction, SUMO binds to a SUMO-interacting motif (SIM) (Bergink and Jentsch 2009) . SIM was initially identified through yeast two-hybrid screening as a short consensus sequence composed of hydrophobic amino acids plus an acidic/polar residue at position 2 or 3 ([V/I]-X-[V/I]-[V/I]), flanked by acidic residues on either side (Minty et al. 2000; Song et al. 2004; Hecker et al. 2006) . The combination of a-helix and b-sheet conformation in SIM allows a noncovalent interaction with the hydrophobic pocket on the SUMO surface (Gareau and Lima 2010) . One of the important functions of the SUMO-SIM interaction is to properly target an enzyme to its substrate. For instance, RNF4, a member of STUbL (SUMO-targeted ubiquitin E3 ligase), contains four SIMs at the N terminus that bind and target SUMOylated substrates for proteasomal degradation (Tatham et al. 2008) . SUMO-like domains (SLDs) were found in a primary sequence of certain proteins such as RENi (Rad60-Esc2-NIP45) family (Novatchkova et al. 2005) . However, the functional importance of integrated SUMO structures in SUMO signaling remains unclear. Regulation of TLS in replication-associated ICL repair. The FA core complex not only regulates the incision step by monoubiquitinating FANCD2, but also contributes to the recruitment of a TLS polymerase REV1 to the lesion, thus promoting bypass of the ICL intermediate. FAAP20 is an important factor in both steps, as it stabilizes FANCA (therefore keeping the integrity of the FA core complex) and interacts with monoubiquitinated REV1 via its UBZ4 domain to promote stable association of the PCNA/REV1 DNA damage bypass complex at the stalled replication fork. REV1 controls the polymerase switching of TLS polymerases to restore the leading strand synthesis mediated by Pol z. It is not clear whether RAD18-dependent PCNA monoubiquitination is a prerequisite for the REV1 recruitment to the ICL region. In contrast, PCNAUb enhances the recruitment of UBZ4-containing SNM1A to the ICL site. The 59-39 exonuclease activity of SNM1A trims the unhooked intermediate to generate a favorable substrate for TLS (Wang et al. 2011) .
Recently, SLD-SIM interactions were shown to target the USP1-UAF1 DUB complex to its monoubiquitinated substrates. UAF1 harbors two tandem SLDs (SLD1 and SLD2) at its C terminus, and SLD2 is required for USP1-mediated FANCD2 and PCNA deubiquitination in vivo . The USP1-UAF1 complex is targeted to FANCD2-Ub and PCNA-Ub via the SIM-like (SLIM) sequence of FANCI, a partner of FANCD2, and the SLIM of hELG1, a partner of PCNA (Lee et al. 2010; Yang et al. 2011) . Disruption of each SLIM-SLD interaction increases the level of FANCD2-Ub and PCNA-Ub, respectively, rendering cells DNA repair-deficient. Therefore, UAF1 not only regulates the enzymatic activity of USP1, but also determines the substrate targeting of USP1. Intriguingly, the SLD2 of UAF1 does not bind to a canonical SIM sequence. Furthermore, SUMO isoforms do not interact with the SLIM sequences of FANCI and hELG1, illustrating the specificity of the SLD2-SLIM interaction in substrate recognition . Thus, the FA and TLS pathways are coordinated by a concerted action of ubiquitin (FANCD2 and PCNA monoubiquitination) and SUMO (FANCD2 and PCNA deubiquitination) signaling networks. Beside USP1, UAF1 interacts with other DUBs, such as USP12 and USP46 (Cohn et al. 2009 ). Similar SUMO-like delivery networks may be used for substrate recognition by these enzyme complexes as well.
A recently solved three-dimensional structure of the ID complex further elucidates USP1 targeting in vivo. The ID complex has the shape of two juxtaposed saxophones, with the monoubiquitination sites localized at the ID interface, but allowing the access of a ubiquitin tail through a solvent-accessible tunnel ( Fig. 4A ; Joo et al. 2011) . In contrast to the embedded ubiquitinated lysine residues, the SIM sequence of FANCI, necessary for interacting with SLD2 of UAF1, is exposed, thereby allowing the recognition of SIM by the USP1-UAF1 DUB complex. How the active site of USP1 gains access to the sequestered lysine-ubiquitin isopeptide bond at the ID interface is not known. In addition, FANCD2-Ub is located opposite the FANCI SIM, making it difficult for USP1 to access its substrate. Thus, the ubiquitinated ID complex, associated with a damaged DNA structure, may adapt a different conformation from the one predicted in the model. Alternatively, USP1-UAF1 may play an active role in inducing a structural rearrangement of the ID complex and promoting the deubiquitination process upon docking to the FANCI SIM. Whether deubiquitination precedes the dissociation of the ID complex or vice versa remains unclear.
The overall similarity between FANCD2 and FANCI suggests that they have evolved from a common ancestor. However, FANCI contains multiple S/TQ phosphorylation sites that regulate FANCD2 monoubiquitination and localization to damage-induced foci (Ishiai et al. 2008 ). In addition, there is a unique FANCD2 interaction domain in FANCI, which undergoes substantial conformational change upon FANCD2 binding and stabilizes the association with FANCD2 (Joo et al. 2011) . FANCI is also required for restricting monoubiquitination to the correct lysine residue (Lys 561) of FANCD2 (Alpi et al. 2008 ). Thus, FANCI may have acquired a regulatory role by forming heterodimers with FANCD2 instead of homodimerizing to control both FANCD2 monoubiquitination (via phosphorylation) and deubiquitination (via SIM-mediated DUB targeting) (Fig. 4B) .
Regulation of HR by the FA pathway
HR factors in the FA pathway
Following an incision flanking the region of the ICL, a DSB is created as an intermediate in the ICL repair process. HR is a primary mechanism for resolving this replication-associated DSB, as it can use the homologous FANCD2 and FANCI may be monoubiquitinated as a monomer, which increases the affinity for chromatin and allows heterodimerization at the DNA lesion. Ubiquitination may stabilize the heterodimerization and induces a conformational change that can fully expose the modified lysine for recruiting DNA repair factors. Alternatively, the ID complex may be loosely associated with chromatin, and ubiquitination may open the ID interface, relocating the ID complex to damage-induced foci at the lesion. FANCD2 and FANCI by themselves have been shown to recognize several DNA structures. Thus, the ubiquitinated ID complex at the ICL may adopt a different conformation compared with the one modeled here. Of note, the SIM of FANCI is exposed outside (shown in green), allowing the targeting of USP1-UAF1 via the SLD2 domain of UAF1. The interaction may trigger the exposure of the ubiquitinated lysine to provide access to the USP1 active site for isopeptide cleavage. (B) By heterodimerizing with FANCD2, FANCI regulates both FANCD2 ubiquitination and deubiquitination through phosphorylation and SIM-mediated DUB targeting, respectively. template restored by TLS. The FA pathway not only promotes HR, but also suppresses NHEJ (nonhomologous end-joining), another mechanism for repairing DSBs. NHEJ ligates two broken DSB ends without requiring homology of the template (Bunting and Nussenzweig 2010) . Intriguingly, FA phenotypes can be rescued by inhibition of the NHEJ pathway (e.g., deleting NHEJ factors Ku70, DNA-PKcs, or Lig4), suggesting that the FA pathway channels DSBs into HR by suppressing NHEJ in order to prevent inappropriate DNA repair by the NHEJ machinery (Adamo et al. 2010; Pace et al. 2010) . However, recent mouse knockout studies demonstrated that 53BP1 or Ku80 deletion exacerbates the genomic instability of FANCD2-deficient cells, suggesting that FANCD2 has an essential role in ICL repair that cannot be bypassed simply by targeting the NHEJ pathway (Bunting et al. 2012) .
Many factors in the FA pathway are involved in promoting HR directly or indirectly. Deletion of some HR genes renders cells hypersensitive to ICL-inducing agents, and the FA core-or FANCD2/I-deficient patient cells are defective in efficient HR repair (Nakanishi et al. 2005; Zhang et al. 2007; Smogorzewska et al. 2010) . In DT40 cells, FANCC was shown to be epistatic with XRCC2, a RAD51 paralog required for the HR process, in repairing DNA cross-links (Niedzwiedz et al. 2004) . One of the key steps in HR is the loading of RAD51 onto newly resected DNA and the RAD51-mediated strand invasion of the sister chromatid. Downstream FA gene products are directly involved in this process. BRCA2, mutated in the FA-D1 subtype, interacts with RAD51 and promotes its loading to RPA-coated ssDNA (Moynahan et al. 2001; Howlett et al. 2002) . PALB2 (partner and localizer of BRCA2), mutated in the FA-N subtype, binds to BRCA2 and regulates its intranuclear localization and stability (Xia et al. 2006) . BRCA1 also promotes RAD51 loading via its interaction with FANCN and FANCD1 (Zhang et al. 2009 ). BRIP1 (BRCA1-interacting protein C-terminal helicase 1), mutated in the FA-J subtype, works downstream from RAD51 to complete HR repair by preventing untimely or promiscuous recombination via its helicase activity (Litman et al. 2005; Sommers et al. 2009 ). RAD51C/FANCO facilitates RAD51 loading and the resolution of HJs, recombination intermediates in the later step of HR (French et al. 2002; Liu et al. 2007; Vaz et al. 2010) . Heterozygous mutations in these downstream FA genes are associated with increased risk of developing breast and ovarian cancer, emphasizing the connection between FA and breast cancer, the FA-BRCA network, associated with HR repair dysfunction. Of note, a homozygous XRCC2 mutation was recently found in a Saudi FA patient (Shamseldin et al. 2012) . As XRCC2 is also a breast cancer susceptibility gene , these results further support the linkage of the FA pathway with HR repair and cancer predisposition. Pol n may be involved in the DNA synthesis step of HR during ICL repair, and cells with POLN knockdown are hypersensitive to cross-linking agents .
Last, FANC proteins may prevent NHEJ factors from accessing DSB ends, thus providing a favorable environment for DSB resection and the downstream HR process. BRCA1 plays a similar role by excluding 53BP1 accumulation and preventing aberrant NHEJ (Cao et al. 2009; Bouwman et al. 2010; ).
Replication-associated HR process in the FA pathway
The stalled replication fork adjacent to the ICL initiates the incision step, leading to the generation of a DSB in one sister chromatid (Fig. 1D,E) . The FA pathway next promotes replication-dependent homology-directed DSB repair. Accordingly, inhibition of RAD51 activity in Xenopus egg extracts resulted in the ablation of replication-coupled ICL repair, thus proving a functional link between the FA pathway and the HR machinery (Long et al. 2011) . RAD51 may play a distinct role in HR at the stalled replication fork, as it protects newly synthesized DNA from extensive MRE11-dependent degradation, a process that normally facilitates end resection in two-ended DSB repair . Additional insights into replication-associated DSB repair were provided by the development of the TR-GFP assay, a modified version of the DR-GFP HR assay system (Nakanishi et al. 2011) . The TR-GFP assay uses a DNA template with a site-specific ICL at sequences that are complemented to triplex-forming oligonucleotide conjugated with psoralen (pso-TFO). The construct also contains an origin of replication of EpsteinBarr virus (EBV) for replication in human cells. ICL-induced HR was substantially compromised in the absence of FA proteins, providing experimental evidence that the FA pathway is specifically involved in replication-coupled HR repair.
BRCA1 plays a unique role in the HR process of ICL repair, as it promotes chromatin loading of FANCD2-Ub at an early step and RAD51 loading at a later step of ICL repair. Since the FANCD2-Ub-dependent incision step is a prerequisite for the generation of DSBs in ICL repair, depletion of an NHEJ factor such as 53BP1 in Brca1-deficient cells can rescue cellular hypersensitivity to PARP1 inhibitor but cannot rescue cross-link hypersensitivity. (Bunting et al. 2012) .
The deubiquitination of FANCD2 may also play an active role in ICL repair by facilitating HR. Usp1 knockout MEFs as well as both Usp1 and Uaf1 knockout DT40 cells show decreased HR efficiency, indicating that the USP1-UAF1 DUB promotes the HR process Murai et al. 2011) . Interestingly, disruption of the NHEJ pathway improves the cellular sensitivity and HR efficiency of the Usp1 and Uaf1 knockout DT40 cells . Suppressing NHEJ may therefore be one mechanism by which USP1-UAF1 promotes HR, consistent with previous studies indicating that the FA pathway suppresses the NHEJ pathway.
Negative regulation of HR in the FA pathway Uncontrolled HR causes inappropriate hyperrecombination and the accumulation of toxic recombination intermediates (Heyer et al. 2010) . HR is activated strictly in the S and G2 phases. In yeast, Srs2 negatively regulates HR by disassembling ATP-bound RAD51 filaments, reversing the early HR step (Pfander et al. 2005) . In humans, the RecQ family helicases BLM and RECQL5 can disrupt RAD51 filaments in vitro and further attenuate HR (Bugreev et al. 2007; Hu et al. 2007 ). In addition, RTEL1 (regulator of telomere elongation helicase 1), a RAD3-type helicase, antagonizes HR at a later step by removing RAD51 from D-loop recombination intermediates (Barber et al. 2008) . Down-regulation of negative HR regulators leads to hyperrecombination and DNA damage sensitivity phenotypes, emphasizing the role of restricting inappropriate HR in preserving genome stability. PARI (PCNAassociated recombination inhibitor) was recently identified as an Srs2 ortholog in higher eukaryotes (Moldovan et al. 2012) . Importantly, PARI depletion reverses the HR defect and sensitivity to PARP1 inhibitor of FANCD1/ BRCA2-deficient cells, indicating that increasing HR efficiency by antagonizing an inhibitory factor in DNA repair-deficient cells may be beneficial for FA patients.
Clinical perspective
Cancer cells become resistant to conventional chemotherapy by relying on certain DNA repair pathways. Thus, inhibiting the FA pathway may provide a strategy for resensitizing resistant cancer cells. Given their critical role in the FA pathway, TLS polymerases are possible targets for augmenting the effect of DNA cross-linking chemotherapeutic agents. Depletion of Rev1 or Rev3 causes pronounced sensitivity to cisplatin in lymphoma and non-small-cell lung cancer (NSCLC) models and prevents the development of acquired drug resistance, indicating that inhibition of TLS can not only kill tumor cells, but also antagonize TLS-mediated generation of resistance-causing mutations Xie et al. 2010) . Thus, selectively inhibiting TLS polymerases may sensitize cancer cells to DNA-damaging agents.
Recent studies indicate that small molecules that perturb ubiquitin-mediated signal transduction can modulate the FA pathway. The anti-cancer agent Bortezomib (Orlowski and Kuhn 2008) reduces intracellular pools of free ubiquitin and thereby blocks FANCD2 monoubiquitination (Jacquemont and Taniguchi 2007) . Thus, Bortezomib may also function as a FA pathway inhibitor, capable of sensitizing cancer cells to cisplatin. Inhibitors of DUB enzymes or protein neddylation (Kee et al. 2012 ) may also block the FA pathway and function as novel cisplatin sensitizers.
As FA cells exhibit spontaneous chromosome aberrations, there may be endogenous sources of DNA damage resolved by the FA pathway. Genetic knockout studies have revealed that aldehyde metabolites may be one of the relevant sources. Mice deficient in Fancd2 and Aldh2 (encodes an enzyme that detoxifies acetaldehyde to acetate) are embryonic-lethal, and exposure of newborn animals to ethanol (an intermediate precursor of acetaldehyde) results in bone marrow failure and severe anemia, a hallmark of FA . Synthetic lethality between the FA pathway and formaldehyde catabolism was also shown in DT40 cells, emphasizing the importance of the coordinated activity of aldehyde detoxification and the FA pathway for cellular survival . Increasing aldehyde detoxification may therefore alleviate some of the symptoms of FA patients. Nevertheless, the absence of HR (e.g., Xrcc2
À/À and Xrcc3 À/À ) or TLS (e.g., Rev1
À/À and Rev3
À/À
) factors does not lead to hypersensitivity to formaldehyde in DT40 cells . This suggests that aldehyde metabolites may cause cross-link lesions other than DNA ICLs, such as protein-DNA cross-links.
Concluding remarks and future directions
Since the discovery of FANCD2-Ub as a surrogate marker for FA pathway activation (Garcia-Higuera et al. 2001) , the FA field has witnessed several conceptual and technical advances. New players in the FA pathway, such as FAN1, SLX4, and FAAP20, have further elucidated the regulatory mechanisms of nucleolytic incision and TLS. Ubiquitin modifications in the FA and TLS pathways are recognized by a specialized UBZ4 UBM, and signaling is terminated by the concerted action of the USP1-UAF1 DUB enzyme complex. SUMO signaling is emerging as a new regulatory mechanism that fine-tunes the ubiquitin-mediated FA signaling pathway. Structural determination of the ID complex and new technologies, such as the Xenopus cell-free replication system and the TR-GFP HR assay, have further accelerated discovery.
Despite this progress, several questions regarding the FA pathway remain unresolved. First, the biochemical role of each structure-specific nuclease in the pathway is unclear. It will be important to determine which endonuclease initiates the ICL nucleolytic incision and whether each enzyme has a specialized role in the processing of different classes of ICL. Second, the sequence and orchestration of the nucleolytic incision, trimming, and TLS steps are unknown. The Xenopus system has already proven particularly valuable in determining the order of these repair events. Third, the relative importance of post-translational modifications of FANCD2 and FANCI, such as phosphorylation, ubiquitination, and sumoylation, has not been resolved. Monoubiquitinated FANCD2 and FANCI may bind to additional (unknown) partners with UBZ4 domains. Fourth, additional (unknown) proteins may be components of the FA core complex, the ID complex, and the HR complex (i.e., BRCA1, BRCA2, FANCO, and FANCJ complex), and these protein components may correspond to new FANC genes. Fifth, the relative importance of monoubiquitination and deubiquitination in controlling DNA repair structures during S phase and following DNA damage remains unresolved. Finally, small molecule inhibitors, or activators, of the FA pathway may find clinical utility in the treatment of cancer or of the HR deficiency of FA patients, respectively.
So far, comprehensive studies of the FA pathway have revealed a complex interaction of nucleolytic incision, TLS, and HR repair steps initiated from a ubiquitin signaling pathway. FANCD2-Ub is a requisite gateway to the ICL repair process, connecting upstream signaling with downstream enzymatic repair steps. The biochem-ical and genetic analyses of the pathway have also provided a rationale for platinum-based chemotherapies in cancer treatment. Overall, a better understanding of the FA pathway and its regulation of DNA repair will allow improvement in therapy for both FA and non-FA cancer patients.
